In this study a detailed model of a single-family house with an exhaust air heat pump and photovoltaic system is developed in the simulation software TRNSYS. The model is used to evaluate three control algorithms using thermal and electrical storage in terms of final energy, solar fraction, self-consumption and seasonal performance factor. The algorithms are tested and compared with respect to energetic improvement for 1) use of the heat pump plus storage tank for domestic hot water and space heating, 2) use of the electrical storage in batteries and (3) use of both electrical and thermal storage. Results show the highest increase of self-consumption to 50.5%, solar fraction to 40.6% and final energy decrease to 6923 kWh by implementing the third algorithm in a system with 9.36 kW PV capacity and battery storage of 10.8 kWh. The use of electrical energy storage has higher positive impact compared to the thermal storage with the settings and component sizes used. The combined use of thermal storage and batteries leads to final energy savings that are nearly the same as the combined savings of thermal storage and batteries separately, showing that they are mostly independent of one another for the settings of this study.
Introduction
The energy consumption in the building sector has increased steadily in developed countries for several years, reaching 20-40% of the total energy consumption with Sweden in the upper end of the scale in 2015 (Heier et al., 2015; Pérez-Lombard et al., 2008; Swedish Energy Agency, 2015a) . Domestic hot water (DHW) and space heating (SH) accounted for more than half of the sector's total energy use (Swedish Energy Agency, 2015a). There are several options for supplying thermal energy for DHW and SH in the building stock, including district heating, electric heating, biofuels and fossil fuels. In Swedish single-family houses electric heating is the most common option with a share of 45% of the total heat demand in the sector in 2014 (Swedish Energy Agency, 2015b) . For houses with electric heating, a heat pump (HP) combined with a hot water storage tank is an efficient way to lower the electricity demand for heating in an electrically heated house (Hirvonen et al., 2016; Swedish Energy Agency, 2015a) .
Energy management in buildings
There are two ways to reduce the need of buying electricity in a household: either using solutions for energy savings or producing own electricity. This paper focuses on the latter method to lower the need of buying electricity from a retailer by using photovoltaics (PV) for in-house electricity production. PV for residential applications is becoming more popular in Sweden due to lower prices for turnkey systems and enhanced economic supporting schemes for micro-producers of electricity (Lindahl, 2016) . The cumulative installed PV capacity in Sweden has increased remarkably during the past years, from a total of 11 MW in 2010 to 127 MW at the end of 2015, of which 30% was residential grid-connected PV systems.
With an electric HP more of the PV electricity can be used in the house in comparison to non-electric heated houses. This can be an advantage both from an economical point of view and from a power system's perspective. If the buying prices of electricity exceed the selling prices, it is more profitable to replace bought electricity by own PV electricity than to sell the excess production to the power grid. A higher use of the PV electricity also lowers the excess electricity from the PV system, which might reduce the stress on the power grid in areas with a large penetration of PV.
Apart from converting electricity to heat via a heat pump, batteries for electricity storage or load shifting of electric appliances can be used to increase the use of PV electricity in the house (Castillo-Cagigal et al., 2011; Widén, 2014) . The advantage of batteries is the possibility to store electricity for later use, while heat pumps can convert electricity into heat but not back again. Heat pumps can, however, have a higher thermal output than electric output, known as the coefficient of performance (Binder et al., 2012) . This means that the efficiency of converting and storing electric energy as thermal energy can exceed 100% whereas the efficiency of battery storage always is below 100% due to conversion and storage losses. By time-shifting electric appliances such as washing and drying machines to times when there are high PV production, both self-consumption and solar fraction can be improved. The economic benefit for load shifting in the Swedish single-family building stock might, however, be low. A study of 200 houses in Sweden showed the economic benefit of load shifting to be maximum 20 Euro per house and year (Widén, 2014) .
Final energy, solar fraction, self-consumption and seasonal performance factor
Apart from the electricity production, there are three measures that are useful to evaluate the energy performance of a residential PV system, namely, final energy consumption, self-consumption and solar fraction. Furthermore, a heat pump can be evaluated based on its seasonal performance factor.
Final energy (FE) consumption refers to the energy supplied to a customer (European Environment Agency, 2016) . In this study the final energy is the electricity that needs to be bought from an electricity retailer over the studied year. Self-consumption is defined as PV electricity production that is directly consumed in the house, i.e. self-consumed electricity, relative to the total PV electricity production (Baetens et al., 2012) . Solar fraction is defined as the self-consumed PV electricity production relative to the total load (Lund, 2005) .
A mathematical description of self-consumption and solar fraction can be found in Luthander et al. (2015) . If L(t) denotes the instantaneous electric load including appliances, heat pump and auxiliary heater, and P(t) is the instantaneous power from the PV system, the directly consumed PV power M(t) can be defined as (1) if no electric storage is used. When adding battery storage to the system, this can be extended to (2) where S(t) < 0 denotes power to storage (charging) and S(t) > 0 denotes power from storage (discharging). The final energy for the simulation period is equal to the electric load that cannot be supplied by PV electricity:
(3) Self-consumption and solar fraction can then be defined as:
Strategies for improving PV self-consumption and solar fraction in residential buildings are a rapidly expanding research field (Luthander et al., 2015) . The majority of the studies focus on PV in combination with battery storage but heat pumps plus hot water storage have also attracted some interest in recent years (Binder et al., 2012; Hesaraki and Holmberg, 2013; Hirvonen et al., 2016; Luthander et al., 2015; Thygesen and Karlsson, 2014) .
Seasonal performance factor (SPF) is a measure of the efficiency of the heat pump, defined as the heat output relative to the electric input. In this study two definitions are used, the first SPF HP includes only the HP compressor electric input and the second includes both the HP compressor electric input and the auxiliary input. Since the use of a heat pump system in cold regions is higher in the winter months when the solar irradiance and thus PV electricity production is low, the SPF of the heat pump may have a large impact on the yearly final energy. SPF can be defined as:
Where Q SH (t) is the instantaneous heating power for the SH and the Q DHW (t) is the instantaneous heating power for the DHW respectively. P el,HP denotes the instantaneous power of the HP's compressor and P el,aux the instantaneous power of the auxiliary input.
Aim and novelty
In this paper, control algorithms for residential PV, heat pump and battery storage systems are evaluated for a single family house in Sweden in terms of self-consumption, solar fraction and final energy. A detailed model of a new single-family house with a typical grid connected PV system, exhaust air heat pump and hot water storage tank is defined and modelled on the simulation software TRNSYS 17. The model is further developed by regulating the heat pump based on PV power production and by using battery energy storage.
The aim of the study is to maximize the self-consumption and solar fraction and to minimize the final energy by using control algorithms for the heat pump and battery storage. The novelty of this study is the combined use of a detailed and validated house model, measured high-resolution weather data and detailed load profiles for both DHW and electric load. The stochastical load patterns are based on monitoring data for single family houses (Widén et al., 2012 (Widén et al., , 2009 ). All these are implemented in the simulation software TRNSYS where the components are designed to meet the specifications of existing products of a house, heat pump, hot water tank and battery storage available on the market today.
Models and boundary conditions
This section describes the models of the house and PV system, heat pump and hot water storage tank, battery storage as well as the boundary conditions of the whole system.
House model and boundary conditions
The modelled house is a typical Swedish single floor, single family house (SFH) with a gabled roof, an overall U-value of 0.2 W m -2 K -1 and 143 m 2 heated floor area, see Tab. 1. A detailed model of the house with six zones using space heating, developed in the simulation software TRNSYS, is described in detail and validated by Persson and Heier (2010) . TRNSYS' type 56 is used for the house model. A schematic figure of the house with its zones is found in Fig. 1 . The set temperatures in the zones (rooms) differ from 20 C in zone 3, 5 and 6, 21 C in zone 1 and 2, and 22 C in zone 4 (Persson and Heier, 2010) . The SH is switched on when the temperature falls 1 C below the set temperatures in either of the zones.
Tab. 1: Geometrical and thermal properties of the studied house (Persson and Heier, 2010) (Persson and Heier, 2010) The location of the house is Norrköping, Sweden (58.6°N, 16°2E). Measured high-resolution (one minute) meteorological data by the Swedish Meteorological and Hydrological Institute (SMHI) from the year 2007 in Norrköping is used in the simulations. The weather data is used both for calculation of the PV electricity production and for calculations of energy gains and losses in the house.
Fresh water temperature, which affects the heating demand, is dependent on the time of the year and modelled on a function described by Heimrath and Haller (2007) . Two adults and two children are living in the house, and the internal heat energy gain, assumed to be the same as the electricity consumption for appliances, are calculated using a Markov-chain model for occupancy and energy use described in Widén et al. (2009) . The DHW demand is derived from the MacSheep project and adjusted for this study, see Table 2 ( Bales et al., 2015) . All variables are in a 2 minute resolution over the period of one year. 
Hot water storage tank, heat pump and auxiliary heater
A variable speed, exhaust air HP delivers heat both for SH and DHW but cannot supply them both at the same time. The HP model is based on the performance map of the HP, with heat capacity and power input as dependent variables together with inlet air temperature, inlet air flow rate and compressor speed as independent variables. SH is turned on in each zone when the room temperature falls below a lower limit, see Section 2.1. This means that the SH can be on for one zone but not for the rest. A hot water storage tank of 180 litres is used for DHW whereas the SH is supplied by the HP through a buffer store of 25 litres. The HP is activated according to a heating curve and compensatory control algorithm dependent on the SH supply temperature. An electric auxiliary heater is activated when the thermal power provided by the heat pump is insufficient to meet thermal power need. The auxiliary heater is inactivated during the predefined summer period. Preferences that are used for this study of the DHW storage, heat pump and auxiliary heater can be found in Table 3 . The models for HP including storage and control algorithms are based on one of the most common commercial products on the market. Electric auxiliary heater [kW] 0.5 -6.5
Battery storage and PV system
Three PV system sizes and three battery storage sizes are used to study the impact on the performance in terms of self-consumption, solar fraction and final energy, see Tab. 4. The tilt angle is defined by the roof of the building whereas the azimuth angle is chosen to optimize the yearly PV electricity production. The PV panels, inverter and batteries are modelled on products available on the market. 
Control algorithms for increased self-consumption
A base case and three control algorithms for improving the energy performance of the system are developed and evaluated:
The base case includes the house equipped with a PV system and a heat pump for DHW storage and SH. The HP is controlled solely by the need of SH and the temperature in the DHW storage tank.
First control algorithm is applied to the base case system. The heat pump is controlled by excess PV production to increase self-consumption.
Second control algorithm is applied to the base case system with added battery storage. Charging and discharging of the batteries are controlled by excess PV production to increase self-consumption whereas the HP is controlled solely by the need of SH and temperature in the DHW storage tank.
Third control algorithm is for the base case system with usage of both thermal storage and batteries. Excess PV power production is first used to charge the batteries, thereafter the HP is switched on if possible.
A flow chart showing the control scheme for on-off control of the HP for the case of algorithm 3, can be found in Figure 2 . Moreover, since the algorithm 3 is the combination of algorithm 1 and 2 the flow chart contains all the three algorithms. Fig. 2: Flow chart for control scheme to utilize excess PV power combining electrical with thermal storage (algorithm 1-3) .
In algorithms 1 and 3, excess PV power production can switch on the HP even if no SH is needed and the DHW storage temperature is above the lower temperature limit. This is used to increase the self-consumption of PV electricity production and lower the demand of buying electricity at later times. The temperature in the DHW storage must be below than the upper temperature limit as well as the maximum allowed individual zone temperature, to allow the HP to be operated based on PV excess production. In order for the HP to be activated and increase the thermal storage either by DHW or by SH a minimum power limit of the excess PV electricity is required which is the P HPmin .
Results
A comparison of the key figures such as self-consumption, solar fraction and final energy is given in Table 6 for base case, while Table 5 gives the heat and electricity use of the building and its occupants. For the base case system the self-consumption varies from 43 to 23% while solar fraction varies from 12 to 19% with increasing PV size. The SPF of the HP is 2.67 while that for the system (HP plus auxiliary electrical heater) is only 2.35 due to the relatively large amount of auxiliary energy used.
Tab. 5: Heat and electricity use of the base case

Electrical energy kWh year-1
Electrical appliances 3437
Heat pump 6506
Auxiliary heater 1380 Final energy 9981 9499 9116
The system was simulated for each of the algorithms with the three different PV sizes, each with its own storage size chosen according to the PV capacity (3.1 kW/3.6 kW, 5.7 kW/7.2 kWh, 9.3 kW/10.8 kWh). The results can be seen in Figure 3 , where FE, SC and SF are shown for the base case and the three algorithms for all three PV sizes. Algorithm 2 (batteries) gives far greater savings (reduction in FE compared to base case) than algorithm 1 (thermal storage), and this difference is greater for larger PV sizes. For the largest PV size, algorithm 2 saves three times as much FE as algorithm 1 does. The savings for algorithm 3 are only slightly less than the sum of the savings of the algorithms 1 and 2 separately. This shows that the two algorithms are compatible and additive and hardly competing for the PV electricity. The savings in final energy for algorithm 3 (compared to base case) are 837, 1573 and 2193 kWh for the 3.1, 5.7 and 9.3 kW PV sizes respectively. The annual electricity production is 3120 kWh for a system of 3.1 kW. Key figures for the base case and the same PV system size using the third algorithm are presented in Table 7 . SPF HP is lower for algorithm 3 than for the base case, while the values for SPF HP+aux are the same. This is because the algorithm using thermal storage leads to increased operating temperatures in the HP, reducing the COP. However, the auxiliary does not have to supply as much energy, which in this case happens to cancel out the negative effect of lower COP. . The monthly solar fraction varies much over the year, reaching 40% in June but is below 10% in November to February as seen in Figure 4a . With the third algorithm the solar fraction, as well as self-consumption, can be improved, most notably in the spring, see Figure 4b . Solar fraction, self-consumption and final energy are calculated with minute values of production and consumption. If aggregated monthly values would be used instead for the calculations, the solar fraction would get near to 100% in the summer.
Discussion
In order to increase the self-consumption, the temperature in the DHW tank is sometimes exceeding the set temperature during periods with high excess PV power production. Although the total electricity consumption by the HP is increasing due to higher heat losses, the final energy will be reduced due to a lower need of HP operation during periods without excess PV production. Figure 4b shows that there are times during the year when the final energy is greater with algorithm 3 than for the base case, but for the whole year there are significant savings (837 kWh for 3.1 kW PV system). This shows that there is still some potential for improving the algorithms.
The climate conditions in Sweden with negative seasonal correlation between irradiance and outdoor temperature make it difficult for a regular single-family house to be completely independent of the power grid. For an off-grid system either large storage units or a drastically changed behavior are needed. Therefore, a reliable power grid that can handle both high power demand as well as high power production is needed for a larger integration of PV in the Swedish power system.
The performance map of the HP is defined for constant water flow rate, but in practice the system flow for SH and DHW is variable, which will affect both the capacity and COP of the HP. This effect has not been taken into account in the study.
To minimize the final energy the solar fraction should be high and to minimize excess PV electricity production the self-consumption should be high. The highest PV power production occurs in the summer which coincides with low electricity demand, see Figure 4 . The need of thermal energy for space heating is low in the summer but there is still a need of DHW. For the Swedish climate and indoor temperature of 22 °C in the bathroom, there is only a short period when no heating is required. The heat pump and thermal storage can therefore be operated to minimize both final energy and excess PV electricity
Conclusion
This study shows the potential of increasing the self-consumption of a residential PV system and reducing the final energy. The base case with a PV system of 3.1 kW and a heat pump operating independently of PV excess power production has a self-consumption of 43%, final energy of 9981 kWh and solar fraction of 12% for the simulated year.
The use of the existing thermal storage gives a decrease in final energy of 279 to 573 kWh per year for the PV sizes of 3.1 to 9.3 kW.
The use of battery gives far greater decreases in FE than the use of the thermal storage, with the used settings and sizes of components.
The combined use of thermal storage and batteries leads to final energy savings that are nearly the same as the combined savings of thermal storage and batteries separately, showing that they are mostly independent of one another for the settings of this study.
